Glucose concentration may be determined enzymatically by a glucose-oxidase procedure in which the amount of oxygen depletion from a solution saturated with oxygen is observed. The difference between the initial and final oxygen levels as detected by a polarographic oxygen analyzer is a measure of glucose concentration. Blood is sampled continuously by means of a double-lumen catheter inserted into an arm vein and connected to the flow system. A peristaltic proportioning pump then propels glucose-oxidase reagent and the blood-heparin mixture through a dialyzer. The reagent-dialysate mixture passes through a 1-mm. delay coil before passing to the polarographic oxygen sensor. Glucose concentration is proportional to the oxygen depletion in the mixture flowing past the sensor. The studies outlined in this paper describe work directed towards the development of a miniature system intended for continuous monitoring and control of blood-glucose level.
directiomi OpI)osite to that of time blood flow in order to obtain a couimtercurrent effect. This is acconiplished by Roller Tube C which pumps at a rate of 0.4 ml./min.
The flow rates and osmotic pressures on either si(le of the dialysis membrane are equal. Reservoir C is vented and contaimms oxygen-saturated glucose-oxidase reagent which is pumped by Roller Tube I) at a rate of 3.9 ml./min.
to join the (halysate from Tube C. At this point the reagent-dialysate mixture passes through a 1-mimm. delay coil within which the reaction occurs. The output of the oxygen analyzer is attached to a recorder. The difference between the initial saturated oxygen level and the depleted level is a measure of the glucose concentration. Dilutiomms up to 2 times the volume of the initial enzyme mixture do not noticeably affect the recorded reaction.
We are not sure why timis is so. We conceive of the possibility that some of the glucose oxidase is imm conipiexed form. This complex could well serve as a reserve supply of the enzyme. Present studies have not run beyond 8-hr. periods.
At a rate of 0.4 ml./min., such dilution of the emizyme reageimt would last more thamm 10 hr. when 250 ml. of reagent was initially available. The commtinuous production of tiny amoumits of acetaldehyde does not affect the reaction during runs for such periods.
Since the enzymes presemmt imi time reageimt do not directly participate in the reaction, the glucose-oxidase solutiomm is returned to the reagent pool where it is aerated for recycling with the fresh sample. In the event that blood is returmied to the patiemit, comitanmuiation with reagent is prevented by use of a separate circulating system for the glucoseoxidase reagent as shown in Fig. 1 for a 300 mg./100 ml. glucose standard usimmg a commstant-volume, magnetically-stirred system. Sevemity per cent of the reactiomi is complete iim 1 mm., and 90% in 2.9 mimi.
In the commtinuous flow system hereimi described, the reaction is never brought to completion, but glucose concentratiomi is continuously measured and compared against kmiown concentrations of standard control solutions. Oxygen saturation is achieved by bubbling air through the glucose-oxidase reagent by means of a sintered glass disc. This serves to make the air bubbles small for better dispersion of oxygen.
Results
Standard solutions of glucose of varying concentrations (50-300 mg./ 100 ml.) were tested in the continuous flow system. Each sample was tested for 15 miii. following manual insertion of the catheter into the sample vial. Average oxygen depletion over this period of time was plotted for each standard.
The standard curves, one of which is shown in Fig. 3 , were linear ± 1 mg./100 ml.
The system was employed for continuous monitoring of blood glucose in 12 patients previously studied by another method of automatic analyand identical curves were obtained. A sample curve for the continuous intravenous glucose-tolerance test employing this method is shown in Fig. 4 . Slow injection of glucose over a 2-mm. period was begun as soon as the fasting level was recorded. The response time of the system was 4 mm., approximately one-half that previously obtained using the other automatic system. The response time can be reduced even further by reducing the dialyzer volume.
Discussion
The studies outlined in this paper describe work directed towards the development of a miniature system for continuous monitoring and con- After trying many pumping arraimgenients, the one shown in Fig. 1 was chosen. The velocity of liquid flow past the sensor must be sufficient for flow independence. However, studies disclosed that, in a commtinuous system, flow independence is miot absolutely Fig. 4 Although we have used the term glucose oxidase throughout this paper, it must he recalled that in a sense this is a misnomer. Glucose oxidase has heemi shown to function as a dehydrogenase (7). The possibility that a d-glucose dehydrogenase is physiologically active and the demonstration that the mitochondria are especially rich jim oxygen suggest the possibility that specialized cells (hypothalamus and beta cells of the pancreas?) may sense glucose level iim a way chemically comparaHe to the measuring technic described herein, in any evemmt, the procedure described may also be used immiimvestigations designed to throw more light on the niechammisms by which the organism itself mommitors blood glucose concentration.
